INTRODUCTION
During the past four years, the State geological surveys of Missouri, Kansas, Iowa, and Nebraska have received numerous inquiries from out-of-state coalbed methane producers requesting geological and analytical data on the deep coal beds in the Forest City basin and the potential for commercial production of coalbed methane. During that period, insufficient geological data and little coal quality or rank data were available on the deep coal beds to accurately assess the potential for coalbed methane in the four-State region of the basin. Most of the coal-related research in the basin had been conducted on near-surface-minable coal reserves close to the perimeter of the basin, and the deeper parts of the basin had not been explored.
These requests from industry stimulated concurrent inquiries from interested parties such as landowners, electric utility companies, local and State officials, and environmental regulatory agencies on potential issues such as new clean energy sources, mineral lease rights, economic benefits to local and State economies, and possible adverse effects on the environment from commercial-scale production of coalbed methane. To respond to these requests and concerns, the four State geological surveys and the U.S. Geological Survey conducted a preliminary assessment of existing geological data to determine the thickness and areal extent of deep coals in parts of the basin. In addition, coal quality, thermal maturity (rank), and coalbed methane composition analyses were performed on some of the coal beds where good-quality coal samples could be obtained.
The Forest City basin is a geologic subsurface structure that underlies northwestern Missouri, northeastern Kansas, southwestern Iowa, and southeastern Nebraska ( fig. 1 ), approximately 46,400 sq mi, and has potential for commercial quantities of coalbed methane. Coalbed methane is a clean-burning fuel often found in economic quantities in coal beds of many ranks (thermal maturities). The methane produced within coal beds is a byproduct of the coalification process in which plant material is converted to coal; much of the coalbed gas generated during this process is retained within the coal matrix. Although minor differences in geologic conditions alter production methods, coalbed methane can be produced, used, and transported in a manner similar to that in which natural gas is produced, used, and transported from conventional gas and petroleum fields. Large quantities of coalbed methane Coal beds in the Forest City basin are present in two major stratigraphic units, the Atokan and Desmoinesian Series. In ascending order, the coal-bearing units are the Riverton Formation (terminology restricted to Missouri) and the Cherokee, Marmaton, and Pleasanton Groups. In Iowa, the Pleasanton is accorded formation status and is assigned to the Bronson Group. In this study, the top of the coal-bearing geologic rocks is defined as the base of the Hertha Limestone of the Kansas City Group. Coal-bearing sequences consist predominantly of shale and sandstone and subordinate amounts of limestone and coal. The base of the sequence is carbonate rock of Mississippian age. The combined thickness of the coal-bearing units in the basin ranges from the eroded edge of the lower Pennsylvanian rocks on the northern and eastern edges of the basin to a maximum thickness of approximately 900-1,000 ft in southwestern Iowa. Along the axis of the basin in northeastern Kansas and northwestern Missouri, the combined thickness exceeds 1,000 ft (Anderson and Wells, 1968, p. 274) .
GEOLOGIC CHARACTERISTICS OF COAL BEDS IN THE FOREST CITY BASIN
A large number of coal beds are recognized in the surface and subsurface in all four States. This study evaluated the geologic characteristics of deep coal beds at 10 localities in the basin (figs. 2 -12). At least 16 individual coal beds were identified from, drill core, well cuttings, and geophysical logs. The cumulative thickness of coal beds in individual drill holes ranged from 8.3 ft in Clay County, Missouri to 22 ft in Iowa. Individual coal beds have thicknesses of up to 6 ft in Iowa, 5 ft at several localities in Kansas, and as much as 10 ft in one locality in Missouri. On the basis of core holes described in this study, however, most of the coal beds are less than 2 ft thick. At single localities, multiple coal beds having thicknesses of 1 to 2 ft may provide good targets for development of coalbed methane.
A core test drilled by the Kansas Geological Survey (KGS Edmonds #1A) ( fig. 2 ) in Leavenworth County penetrated 13 coal beds in the Cherokee Group (figs. 3, 4) . Total thickness of the coals is 10.9 ft; 5 of the 13 coal beds exceed 1 ft in thickness (fig. 4) . The thickest coal bed is the Riverton (Kansas term), which is 2.1 ft thick ( fig. 4 ). In the Anadarko Petroleum Co. Chappie "A" #1 well in Doniphan County, Kansas, ( fig. 5 ), 5 coal beds ranging from 1.7 to 4.5 ft in thickness occur within a 150-ft thick interval at depths of 1,500 to 1,650 ft. The Alco Rubick #1 well in Franklin County, Kansas ( fig. 6 ), on the southern side of the basin, penetrated 6 coal beds with cumulative thickness of 10 ft; between the depths of 1,120 and 1,220 ft, 8 ft of coal is present in five different coal beds.
The Iowa Geological Survey core test (IGS CP78) (figs. 2, 7) penetrated 15 coal beds, providing a complete representation of all the identified coal beds in the lower Marmaton and Cherokee Groups in that area. Coal bed thicknesses in that well range from less than 1.0 to 1.9 ft; cumulative thickness is 11.7 ft. Several of the coal beds are known to be thicker a few miles from the core-hole locality. Detailed studies of the geophysical logs from the Miller #1 oil test in Montgomery County, Iowa, showed 16 coal beds ranging in thickness from less than 1 to 5 ft and a cumulative thickness of approximately 22 ft ( fig. 7 ). In the deepest part of the basin in southwestern Iowa, where strata of the Cherokee Group are thickest, insufficient data are available to determine the areal extent of the coal beds; however, the character of the coal beds and associated strata at the edge of the basin suggests a good potential for coal resources in the deeper portion of the basin.
Nine coal beds were identified in the gamma-ray log of the Big "J" Oil Co., No. 
POTENTIAL FOR COALBED METHANE

Current Investigations
The Leavenworth County core hole (KGS Edmonds #1A) (figs. 2, 4) was drilled through Pennsylvanian rocks into the top of Mississippian carbonates (base of the coal-bearing sequence) to determine the thickness of the coal beds and to determine the amounts of methane that might be present in the coal beds. Thirteen coal beds in the Cherokee Group were penetrated in the core hole. The total thickness of the coal beds was 10.9 ft; five coal beds exceeded 1 ft in thickness. The thickest coal is the Riverton coal bed (Kansas terminology) which has a total thickness of 2.1 ft. The thickness of the coals and the intervals sampled are shown in figure 4. The Leavenworth core hole, however, was not in an optimal locality in the basin for potential maximum methane yield. Limitations of the drill equipment and the convenience of the site dictated the selection of that drill location.
Thicker coal beds are known at several other localities [five coal beds ranging from 1.7 to 4.5 ft thick in a 150-ft interval (1,500 -1,650 ft) in the Anadarko Petroleum Co., Chappie "A" #1 well ( fig. 5 ) in Doniphan County, Kansas], and future cores should include thicker coal intervals.
Measurements of gas desorbed from the coal core samples of the Leavenworth County core hole show gas content values of 21 to 94 ft3 per ton of coal (table 1) . These values were calculated on an ash-free basis following the U.S. Bureau of Mines methodology. However, the methane content would be greater if the values were calculated on a moisture-and ashfree basis. In general, the coals having the higher gas contents are located at greater depths in this core hole (table 1). The Riverton coal bed appears to have the best potential for development at this locality.
After the gas was desorbed, the crushed coal samples and desorbed gas were sent to U.S.
Geological Survey laboratories for chemical analyses and gas compositional analyses; Analysis of the gas content of the Riverton coal samples showed a methane content of 96 to 97 percent (table 2). Other coals tested showed methane contents ranging from 72 to 93 percent (table 2). One sample (1 Edmonds 4) contained large amounts of ethane (11 percent) (table 2). Drill-core samples of two coal beds were obtained from active drilling in southwestern Cass County, Missouri in March 1992 and submitted for gas analysis as well.
The composition of gases from these coal beds showed high percentages of methane (table 2) .
Two main processes produce coalbed gas: 1) biogenic and 2) thermogenic. Biogenic gas is generated in the early stages of coalification by the degradation of organic matter through a complex series of bacterial processes (Rice and others, in press). The isotope values (813C) of biogenic methane are generally in the range of -55 to -90%o (Rice and others, in press).
Although biogenic gas is most often associated with low-rank coals, (lignite to hvCb), it can, in some cases, be generated from hig-rank coals. Thermogenic gas, on the other hand, is produced in association with the increased temperatures and pressures. Thermogenic gas begins forming at approximately high volatile C bituminous rank (R0 0.6 percent) and is isotopically heavier than biogenic methane (Rice and others, in press). Thermogenic gases contain methane but also contain heavier hydrocarbons in the form of ethane, propane, and butane. The isotope (813C) values of thermogenic methane are heavier than -55%o and the isotope values of ethane are heavier than -33%o (Rice and others, in press). The isotopic compositions of the methane from samples in this study are found in table 2. Unfortunately, isotope values for the heavier hydrocarbons (ethane and pentane) present in these coal beds (table 2) were unobtainable.
In addition to the isotopic analyses (table 2), samples of coal beds from Missouri, Kansas, and Iowa were submitted for a variety of rank-determining analyses. Ultimate and proximate analyses were performed on 10 coal samples from Iowa, 10 coal samples from Kansas, and 5 coal samples from Missouri. The gross calorific value (on a moist, mineral-matter-free basis) was calculated according to American Society for Testing and Materials (1992) standards. In addition, vitrinite reflectance (mean maximum reflectance) analyses were (table 3) , especially if the sulfur is in the form of pyrite.
The rank of the coal determined in this study is in agreement with previous studies conducted on coal beds in Iowa by Hatch and others (1984) . These authors reported apparent ranks of high volatile C bituminous with a mean calorific value of 12,040 BTU/lb (recalculated to moist, mineral-matter-free basis) for 90 coal samples from drill cores and coal mines located in southeastern and south-central Iowa. The depths of the coal beds sampled ranged from a few feet to a maximum of 483 ft. Coal beds in the deeper parts of the basin in southwestern Iowa were not analyzed. In Missouri, 113 coal samples from 13 coal beds in 5 districts were collected from active surface mines (Wedge and Hatch, 1980) . In general, In general, coalbed gas content increases with rank (Rice and others, in press). The large increase in the amount of coalbed gas between the ranks of subbituminous A and high volatile C is due mainly to the fact that thermal processes produce much more methane than the microbial processes operative at the lower ranks (KEF). The .ability to retain and store methane generated within a coal is also a function of rank (REF). Higher pressure within coal beds increases storage capacity whereas higher temperature decreases storage capacity.
At the rank of medium volatile bituminous, for example, some coal beds may have generated more methane than they can store, and the methane may be expelled. Therefore, the rank of the coal beds studied here seems to be at an optimal level for coalbed methane production and storage.
In addition, it should be noted that, although rank is a promising indicator, a stronger relationship exists between the quantity and composition of coalbed gas to depth (REF) .
Therefore, data must be obtained from the deeper parts of the Forest City basin to evaluate the potential for coalbed gas at depth.
Another aspect of coal quality is its relationship to conventional mining. The coal beds analyzed within this study, aside from being very thin and deep, are of poor quality. Coal that is mined conventionally is generally less than 15 percent ash and less than 4 percent sulfur. The ash values for these coal beds range from 6 to more than 35 percent, many being greater than 15 percent. The sulfur content is also quite variable, ranging from 3 to 14 percent. These coal beds, then, would be considered high-sulfur coal. The quality of these coal beds would hinder their use conventionally, mainly because of their ash yield and sulfur contents.
Historical Data
No direct data are available from historical sources on the quality or quantity of coalbed methane from deep coal beds in the Forest City basin. However, historical reports by the Missouri State mine inspector of excessive methane and methane explosions in shallow underground coal mines may be an indication of coalbed methane in these areas. Several of these mine explosions occurred when the mine shafts were initially constructed; others occurred when the shafts penetrated coal beds lower than the principal beds mined.
Excessive methane and (or) mine explosions were reported in 13 coal mines in 5 counties in Missouri during the period from 1881 to 1905 ( fig. 13, table 4 ). The deepest of these 13 coal beds (tentatively correlated as the Bevier) lies at a depth of 420 ft in southwestern Clay County. Excessive methane was reported in the Mineral coal bed, which was mined near Rich Hill in southwestern Bates County. These mines lie on the southwestern flank of the Schell City-Rich Hill anticline, where the coal beds have been distorted by structural movement (Gentile, 1976) . Migration of methane along structural features such as this one may have contributed to the excessive methane reported in the mines.
In Iowa, a few mines were reported to have had problems with carbon dioxide, but only one mine was reported to have had problems with methane (Lemish and Palmquist, 1980) . Iowa coal mines are relatively shallow, nearly all occurring less than 300 ft below the land surface (Iowa Department of Natural Resources Geographic Information System coal mine database).
It is likely that methane generated in the coalification process was lost from these shallow coal beds. As a result, most of the coal mines that operated in Iowa were free of methane STRUCTURAL GEOLOGY: POTENTIAL IMPACT ON COAL RANK Numerous structural features that are present in the Forest City basin may have caused an increase in coal rank on a local and regional scale and may have implications for increased coalbed methane potential. Temperature plays an important role in the thermal maturity of coal. Coal rank, a measure of thermal maturity, increases with increasing temperature.
One potential source of heat in the basin is structural movement that displaced coal-bearing geologic units to greater depths in the basin. Coal-quality data within this report are insufficient to determine whether these structural features had an impact on the thermal maturity of the coals. Additional study of coal quality in the vicinity of these structural features may indicate elevated coal rank in some parts of the basin.
Two major tectonic features in the basin are the Nemaha Uplift and the Thurman-Redfield structural zone. The Nemaha uplift involved rock units from Precambrian through Permian age. The main movement was post-Mississippian, but there have been earlier movements (Lee, 1943; Berendsen and Blair, 1986) . The Nemaha uplift, with its eastern Humboldt fault zone, forms the western boundary of the Forest City basin in Kansas and Nebraska. Faulting was active before and after deposition of strata in the Cherokee group (Chelikowsky, 1972; Berendsen and Blair, 1986) . The Thurman-Redfield structural zone, which underlies the deepest part of the basin in southwestern Iowa, is a horst and graben structure in the Precambrian basement rock. Evidence of movement is present well into the middle Pennsylvanian along the southeastern flank of the structural zone. Structural movement or increased heat flow along these two features may have generated sufficient heat over the geologic past to increase coal rank in parts of the Forest City basin.
In Missouri, a series of parallel anticlines, synclines, and faults lie in a northwest-southeast direction in the basin (McCracken, 1971) . These features, which often displace coal-bearing geologic sequences in the subsurface, may have had the potential to increase coal rank on a local or regional scale. This trend appears to continue into Iowa, although it is less clearly defined because of a thick cover of glacial till and the paucity of useful data.
The Forest City basin, however, is relatively undeformed structurally. This fact is important because, by analogy, most of the coalbed methane in the United States is produced from basins that are relatively undeformed. In large part this is because complex folding and major deformation destroys the cleating system (natural fracture system) within the coal beds, thereby destroying the reservoir properties and reducing the production potential of coalbed methane. A coal-bearing basin must have been subjected to enough structural deformation to develop the cleat system within the coal, but not deformed enough to destroy this vital criterion to coalbed methane development.
DATA AVAILABLE FOR FUTURE INVESTIGATIONS
The large number of oil and gas tests that have been drilled in the Forest City basin are an important source of information for future investigations on the distribution and amount of coal resources in the basin. The most useful types of data for identifying, correlating, and estimating thickness of the coal beds are the gamma-ray-neutron logs and gamma-ray-density logs.
More than 1,000 gamma-ray-density logs have been logged to a minimum of 900 ft in Kansas.
In addition, nearly 4,000 more oil and gas tests have had geophysical logs run to depths less than 900 fl or have had a log type other than the preferred logs mentioned above. There appears to be a good distribution of these deep gamma-ray-density and (or) gamma- Appreciation is also extended to Wallace B. Howe, who provided detailed core descriptions for parts of this report, and shared his considerable knowledge of Pennsylvanian stratigraphy during the course of this investigation.
CONCLUSIONS
1.
Significant coal resources in the Forest City basin have the potential for commercial quantities of coalbed methane, although the volume is not yet known.
2.
Methane content ranges from 72 to 97 percent by volume for gas in 11 coal beds sampled during this investigation (table 2) . Nine of these coal samples were from the KGS Edmonds #1A core hole. The other two samples were from the Mulberry coal bed in Cass County, Missouri.
The amount of methane present in the nine Kansas coal beds sampled ranged from 21 to 94 ft3 per ton of coal (table 1). The Riverton coal bed (Kansas terminology)
contained the greatest amount of methane in the KGS Edmonds #1A core hole, Leavenworth County, Kansas where it was 2.1 ft thick. The Riverton is known to be thicker at other localities in the Kansas part of the basin.
4.
In general, coalbed methane content increased with depth at the KGS Edmonds #1A core hole. Several individual coal beds are widespread in distribution within the four States in the basin. Individual coal beds, in general, are less than 2 ft thick; however, coals as thick as 6 and 10 ft have been identified within the basin.
6.
Multiple coal beds (typically 10 or more), 1 to 2 ft thick, are present in several of the drill cores studied during this investigation. Such localities would be suitable for simultaneous production of coalbed methane throughout the basin.
7. Geochemical analysis and vitrinite reflectance studies of 30 coal samples analyzed during this investigation show that coal rank ranges from high volatile C to high volatile A bituminous. The rank of the coal beds, in combination with the compositional gas analyses and isotopic values, is a promising indicator for coalbed methane production and storage and, hence, exploration. Rjverton coalbed 700 local Depth ifc'Denotes coaibed tampled for geochemicaJ and vitrinit* reflectance inatyjm. Methane desorption and methane quality tests were also conducted on this coalbed. Table 1 . Analysis of coal-bed gas amounts obtained from coal samples from the Kansas Geological Survey Edmonds #1 and #1A core holes in Leavenworth County, Kansas. Methods used for collecting core, gas from coal, and quantity analysis are based on methods explained in McCulloch, and others (1975) , Diamond and Levine (1981) , and Close and Erwin (1989 1 Field sample number. 2 Lost gas is a graphic method of detennining the amount of gas lost from the core during retrieval from the bottom of the bore hole until the coal core is brought to the surface and sealed in a test canister. 3 Desorbed gas is the gas measured from the canister that was desorbed from the coal. Following Diamond and Levine's (1981) methods, measurements of less than 10 cm3 of gas per day for , period of 1 week terminates the amount of gas included in this category.
4 Weight of the coal core. 5 Amount of gas Cost and desorbed) per unit of coal core. 6/7 Residual gas is the gas remaining in the coal core after determining the desorbed gas. Residual gas can be more accurately determined by fine crushing in a sealed ball mill and measuring t! gas that is desorbed from the coal in the ball mill after a certain period of crushing (Diamond and Levine, 1981) . In the cores of this study, residual gas was determined only by extended measuring of the gas from the coal sample (still sealed in the canister) for an extended period of time, measured in days (d).
* Calculation of gas content per ton of coal based on the amount of lost and desorbed gas content but not the residual gas amount. Coal weight is assumed to be 1,800 tons/acre-ft. No consideration is given in this column to ash content of the coal.
9 Ash yield and moisture content are taken from the proximate analyses of the coal samples and are used in calculating the normalized gas content The percentage of ash is a dry ash weight percent. Table 2 . Gas compositional data for samples from the Forest City basin. Analyses are reported on an air-free basis (because many samples collected during the desorption process had large amounts of air). Note that gas samples were taken at different times during the desorption process, and fractionation of both molecular and isotopic composition may have taken place. Samples 1 Cx = percent methane 2 CO2 = percent carbon dioxide 3 C2 = percent ethane 4 C3 = percent propane 5 ^G! = isotopic value of methane 6 isotopes of ethane (13C2) and propane (13C3) were not obtained. 7 C2+ = wetness = expression of the hydrocarbon composition of the gases (percentage of ethane and higher hydrocarbon gases). 
APPENDIX Economic Scenarios for Missouri
The following economic scenarios were prepared by the Missouri Department of Natural Resources, Division of Geology and Land Survey .as their analysis of the potential economic benefits from a coal-bed methane industry specifically to the State of Missouri (table 5) . Because the total methane resources in the Forest City basin are unknown at present, each scenario was prepared by using a different projected number of operating wells in order to compare the economic impacts of coal-bed methane industries of different sizes. The numbers of operating wells in scenarios I through IV are 910, 500, 200 and 50. The economic benefits to Missouri in each of the four scenarios were calculated by the Missouri Department of Economic Development by utilizing a computer economic modeling program developed by the School of Business of the University of Missouri-Columbia; this program determines the total economic benefits generated by the natural gas production sector of Missouri's economy. The annual payroll from new jobs and the annual value of coalbed methane production were the initial figures put into the computer program. Raw data used to determine the value of coal-bed methane production in each economic scenario for Missouri were projected from economic data generated by Alabama's coalbed methane industry.
Scenario I: Economic benefits to Missouri under scenario I represent a best-case scenario of a coal-bed methane industry-an industry the size of that currently operating in Alabama. In 1 year, an industry producing 23.4 billion ft3 of gas from 910 wells and employing 590 people would generate $74 million in economic benefits to the State of Missouri from business and industry, increased personal income, and local and State government revenue.
Scenario II: Scenario II represents an industry roughly half the size of that presented in scenario I and was prepared on the basis of the value of production from 500 wells and an annual payroll from 325 new jobs. Economic benefits to the State of Missouri from an industry this size would be $40.9 million annually.
Scenario III: Should coal-bed methane be found in producible quantities sufficient to support an industry of only 200 methane wells, annual economic benefits to Missouri would be $16.4 million. Annual payroll would be $2.7 million from 130 new jobs.
Scenario IV: Scenario IV presents a very conservative estimate of the size of a coalbed methane industry in Missouri. However, it was included in this assessment to show that even a small-scale industry would generate a considerable amount of general revenue. This scenario would represent a small production area in the
